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Introduction

Cell membranes are vital for normal physiology in all living systems. The outer, or plasma membrane of the cell is the first point of contact for the entry of exogenous substances, and the specialized domains of this membrane may regulate the metabolism of those substances that induce changes in cellular functioning. The membranes of the endoplasmic reticulum (ER) and of the endosomes play an essential part in protein synthesis, delivery, targeting and recycling. Relevant to Alzheimer's disease (AD) are the linkages between the roles of these inner membranes and the plasma membrane. The amyloid-␤ precursor protein (APP) is delivered to the plasma membrane from the ER from where it is retrieved by clathrin-mediated endocytosis and then cleaved by the secretases in late and early endosomes to produce the A␤ peptides. After release into the brain interstitial fluid, redox metal catalysed oligomerization producing toxic entities and amyloid proceeds in the presence of external membrane surfaces
. The non-metal binding [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] sequence of A␤ is neurotoxic [3] and has been claimed to generate free radicals in the absence of metals [4] . However, Dikalov et al. [5] showed that this was incorrect and was a consequence of contamination of the commercial spin trap compound used to detect the free radicals. Molecular dynamics studies [6] [7] [8] [9] have shown that different sequences of A␤ can sample many different conformations. Any one of these may predominate in a given experimental system depending on peptide concentration, ionic strength, redox potentials and the presence of metal ions and co-factors such as lipid surfaces.
Advances in AD research, particularly the development of biometal based therapies [10] [11] [12] [13] [14] , indicate that compounds shown to target vital AD-associated pathological pathways in vivo have mechanisms of action that may be dependent, wholly or in part, on their initial interaction with cell membranes [15] [16] [17] 
. Thus, a greater understanding of the interaction of metals and metal-complexes with the cell membrane will shed light not only on how these compounds have provided positive outcomes in cell and animal models of AD and in clinical trials, but also on the role of the cell membrane in the biochemical pathways implicated in AD. This review outlines the current information relevant to the cell membrane in AD, and will also review the interactions of the cell membrane with copper (Cu) and Cu-complexes. The importance of this information in relation to AD pathogenesis and the development of new metal-based treatments, in particular Cu-based complexes will be highlighted.
Role of amyloid-␤ (A␤) and APP in AD
The AD affected brain is invariably characterized by the presence of amyloid plaques and neurofibrillary tangles [18] [19] [20] [21] [26] . APP is a transmembrane protein that is normally expressed in the body [27] . Its 
Cell membranes
The structure and composition of the plasma membrane reflects its role as a barrier separating the contents of the cell from the extracellular environment. This membrane also participates in maintaining cell-cell adhesion and adhesion to the extracellular matrix (ECM), and has a regulatory role in endocytosis and signal transduction [47, 48] .
The plasma and associated membranes of neurons contain glycerophospholipids, glycosphingolipids, cholesterol and proteins. The lipids are asymmetrically distributed between the two leaflets of lipid bilayers [49] [50] [51] , which is about 5-nm thick [52] . The glycosphingolipids and the choline-containing lipids, phosphatidylcholine are enriched primarily on the external leaflet of the plasma membrane whereas the amine-containing glycerophospholipids, phosphatidylethanolamine and phosphatidylserine are located preferentially on its cytoplasmic leaflet (Fig. 1) [52, 53] , and is the main component of neural membranes besides the phospholipids that make up the lipid bilayer [52] . At 15 to 20 mg/g tissue in fresh brain, it accounts for 20% to 25% of the total body cholesterol [54] . The level of cholesterol in the brain is independent of dietary uptake or hepatic synthesis, being maintained almost completely by synthesis in situ [55] , with mRNAs for cholesterol synthesizing enzymes occurring in adult brain [56, 57] . Removal of the surplus cholesterol can be by conversion to 24-hydroxycholesterol, 25-hydroxycholesterol, 27-hydroxycholesterol, cholesterol oxides or by esterification via acyl-CoA:cholesterol acyltransferase [58] . Thus, these conversions are intimately involved in maintaining brain cholesterol homeostasis [59, 60] . In all cells, cholesterol plays a crucial role in membrane structure, dynamics, function and sorting [61] adhesive glycoprotein fibronectin can bind collagen, further contributing to the adhesion of the cell to the ECM and it may also be involved in cross-linking of matrix molecules [63] . [65, 66] [66] . Although improvements in methodology have dispelled most doubts regarding their existence [65, 66] , the composition of isolated rafts appears to be influenced by the nature of the detergent used for their separation [68] . Care, therefore, must be taken when comparing results obtained by different methods of raft preparation.
The microstructure of cell membranes
. It has been proposed that lipid rafts, isolated as a cholesterol and sphingolipid-rich detergent insoluble fraction of the plasma membrane, can serve as platforms for signal transduction, and that this may be their predominant role in the plasma membrane [66, 67] (Fig. 1). Simons and Toomre have commented that studies on rafts in the 1980's were initially controversial owing to the difficulty of proving their existence in living cells
The hydrocarbon tails of the sphingolipids that concentrate in rafts are longer and straighter than those of the phospholipids, making the lipid rafts thicker than the rest of the cell membrane [52] . It has been suggested that this property enables them to better accommodate certain larger membrane proteins [52] , possibly explaining why some membrane proteins are enriched in rafts (Fig. 1) . Although the properties of the inner domain leaflet of the raft bilayer are still to be adequately characterized [69] , Carnie et al. [70] There is increasing evidence that the toxic A␤ species is a soluble oligomer [73] [74] [75] [76] of ␤-structured peptides [77] and that its toxicity is mediated by its capacity to bind to the cell membrane [78] . A␤ binds to the plasma membrane by targeting phosphatidyl serine [79] and, possibly, N-acetyl neuraminic acid [80] . However, the question of whether the formation of the toxic A␤ species, as distinct from its action through the membrane, is also membrane dependent remains unclear.
A␤ interactions with the cell membrane
Cu
2؉ and the formation of the toxic species [104] . The GM1 seeding hypothesis was pursued by Kakio et al. [105] [106, 107] . These findings are consistent with those of Ehehalt et al., who showed that APP processing to A␤ is enhanced by raft localization [71] .
who showed that increases in the content of both ganglioside and cholesterol enhanced the uptake of A␤1-40, and later found that the generation of GM1A␤ seemed to be associated with sphingolipid, cholesterol-rich rafts
The conventional ␣-helical view of the membrane penetrating conformation of A␤ is based on NMR structure determination in SDS [108, 109] , and is supported by complex 31 P magic angle spinning nuclear magnetic resonance (NMR) and circular dichroism (CD) studies on the peptides incorporated in phospholipid bilayer systems [110] . There is abundant evidence that membrane surface associated plaque peptide is in the ␤ sheet conformation [111] [112] [113] [114] and there is increasing detail of the various supramolecular assemblages that the peptide might adopt [115, 116] .
Matsuzaki and Hirikiri [117] studied the interactions of A␤1-40 with ganglioside containing membranes by using CD and Fourier transform infrared-polarized attenuated total reflection (FTIR-PATR) spectroscopy. They found that at physiological ionic strength A␤1-40 bound to ganglioside-containing membranes and induced a two-state, unordered ␤-sheet transition above a threshold intramembrane ganglioside concentration, depending on the host lipid bilayers. FTIR-PATR spectroscopy experiments also showed that A␤1-40 forms an antiparallel ␤-sheet, the plane of which lies parallel to the membrane surface, inducing dehydration of lipid interfacial groups and perturbation of acyl chain orientation. These authors suggested that A␤1-40 imposes negative curvature strain on ganglioside-containing lipid bilayers, disturbing the structure and function of the membrane. Yanagisawa et al. [104] extended these studies to cultured rat phaeochromocytoma cells and showed that fluorescently labelled A␤1-40 co-localized with GM1-rich domains, and was cytotoxic depending on concentration and length of exposure. The cytoxicity was partly rescued by cholesterol depletion.
Membrane composition and conformation and the relationship with Cu
The internal membranes and the exosomes (Fig. 3) . The smaller the radius of curvature the greater the penetration of these chains, decreasing the probability of their self-associating to form larger assemblages, while leaving free the hydrophobic cluster consisting of Val18, Phe19, Ala21 and Gly25 [123] where Ala21 has been particularly implicated in A␤ association [124] 
AD therapeutics targeting the membrane
Recent evidence indicates that the development of AD therapeutics that specifically target the membrane are efficient in abrogating the pathological features of AD. This corresponds with the studies discussed throughout this review which suggest that enhanced toxicity of A␤ occurs when interacting with particular constituents of the membrane. Recently, Rajendran et al. [121] described the significantly enhanced inhibition of ␥-secretase by an inhibitor that is anchored to the membrane. Their study compared the efficacy of a ␥-secretase inhibitor that was anchored to a sterol moiety in the endosomal membrane (where ␥-secretase is active) with a free ␥-secretase inhibitor. The study showed that the sterol-linked inhibitor was significantly more efficient in preventing the formation of A␤1-40 and A␤1-42, and increased the soluble pool of APP␣, thereby precluding A␤ formation in cultured cells and in vivo [121] . Using scanning fluorescence correlation spectroscopy and avalanche photodiode imaging, they also showed that the sterol-linked inhibitor facilitated partitioning of the inhibitor to lipid rafts, which can function as APP processing sites [121] . Fig. 3B , residues 29-32 were inserted at a tilt into a lipid environment as described by Ravault et al. [142] and the geometry of the whole structure reoptimized. Fig. 2 [130] [131] [132] [133] . Some of these studies also used methyl-␤ cyclodextrin (M␤CD) combined with statin treatment to further deplete cholesterol [130] [131] [132] [133] . Methyl-␤ cyclodextrin is a water soluble cyclic heptasaccharide [134] , with a high specificity binding pocket for cholesterol [135] . It has been used in numerous corresponding studies to examine the effects of cholesterol depletion on membrane-associated signalling and raft localization in cell models. These data correlate with those of Ehehalt et al. [71] described earlier, which showed that M␤CD treatment of N2a mouse neuroblastoma cells depleted cholesterol from lipid rafts and led to a reduction in proteolytic cleavage of APP. Significantly, decreasing cholesterol by 85% totally abolished A␤ secretion in N2a cells [71] .
Both peptides are illustrated against a cartoon of a planar bilayer (A) and a curved bilayer (B) formed from the structures given in
AD therapeutics targeting membrane receptors
Additional studies performed by Lambert et al. [53] and Chen and Resh [134] [138] . The ability of CuGTSM to increase intracellular Cu bioavailability correlated with its effects on A␤ levels, which were reduced in cell culture medium in a dose-dependent manner [138] . 
